Racial and socioeconomic disparities exist in liver transplantation (LT) outcomes among adults, but little research exists for pediatric LT populations. We examined racial differences in graft survival and mortality within a retrospective cohort of pediatric and young adult LT recipients at a large children's transplant center in the Southeast between 1998 and 2011. The association between race/ethnicity and rates of graft failure and mortality was examined with Cox proportional hazards models that were adjusted for demographic and clinical factors as well as individual-level and census tract-level socioeconomic status (SES). Among the 208 LT recipients, 51.0% were white, 34.6% were black, and 14.4% were other race/ethnicity. Graft survival and patient survival were higher for whites versus minorities 1, 3, 5, and 10 years after transplantation. The 10-year graft survival rates were 84% [95% confidence interval (CI) = 76%-91%] for white patients, 60% (95% CI = 46%-74%) for black patients, and 49% (95% CI = 23%-77%) for other race/ethnicity patients. The 10-year patient survival rates were 92% (95% CI = 84%-96%), 65% (95% CI = 52%-79%), and 76% (95% CI = 54%-97%) for the white, black, and other race/ ethnicity groups, respectively. In analyses adjusted for demographic, clinical, and socioeconomic characteristics, the rates of graft failure [black: hazard ratio (HR) = 2.59, 95% CI = 1.29-5.45; other: HR = 3.01, 95% CI = 1.23-7.35] and mortality (black: HR = 4.24, 95% CI = 1.54-11.69; other: HR=3.09, 95% CI= 0.78-12.19) were higher for minority groups versus whites. In conclusion, at a large pediatric transplant center in the Southeastern United States, racial/ethnic disparities exist in pediatric and young adult LT outcomes that are not fully explained by measured SES and clinical factors.
survival rates currently approach 90%, whereas rates were <70% before 1980. 1, 2 Research examining risk factors for patient and graft survival following LT have focused on recipient, donor, and intraoperative variables as well as posttransplant treatments and complications. [3] [4] [5] [6] [7] [8] [9] [10] [11] Although many studies have included race/ethnicity in demographic risk stratification when the data have been available, health disparities in transplant outcomes have not been studied in depth in the pediatric LT recipient population. Health disparities, including racial, ethnic, and socioeconomic disparities, are increasingly appreciated as important factors in the health status of pediatric populations. 12, 13 Moreover, the effects of health disparities in childhood have profound effects on health in adulthood. 14, 15 As mortality due to childhood illnesses such as ESLD continues to decline, an improved understanding of predictors of long-term health is necessary for limiting morbidity and maintaining quality of life.
Several studies of the adult LT population have examined the role of race/ethnicity and socioeconomic status (SES) in transplant outcomes with variable results. [16] [17] [18] [19] [20] [21] [22] Black race has been found to be an independent predictor of mortality among adult LT recipients, even after the introduction of the Model for End-Stage Liver Disease (MELD) score, which was intended to improve the equity of organ allocation. [18] [19] [20] Several previous studies of adult LT recipients found no association between SES and LT outcomes, but national studies examining the effects of SES on LT outcomes are limited by inadequate measurements of SES factors. 16, 17, 21 For example, one study of the adult LT population found that neighborhood-level income was not an independent predictor of poor outcomes, but the main exposure was measured on the zip code level (a less sensitive and robust measure of poverty) rather than the individual level. 17, 23 Research among adult LT recipients suggests that there may be racial and socioeconomic disparities in transplant outcomes, but little is known about the impact of race/ethnicity and SES on pediatric LT recipients. The purpose of this study was to examine the association of race/ethnicity with outcomes after LT, including patient and graft survival, in a single-center study with more robust SES information on both the individual level and the neighborhood level. We hypothesized that black and minority race/ethnicity was associated with poor LT outcomes at a large children's transplant center in the Southeastern United States. Furthermore, we hypothesized that SES may partially account for differential outcomes based on race.
Patients and Methods

Data Sources
All pediatric and young adult patients (age ≤ 22 years at our center) who underwent LT at Children's Hospital of Atlanta (CHOA) between January 1998 and December 2008 and were followed through November 2011 were included in this cohort study. Clinical, demographic, and outcome data were abstracted from patient charts with CHOA electronic medical systems (Epic and Organ Transplant Tracking Record), and they were used to determine exposure and outcome variables. Patients who are residents of Georgia and are in need of financial aid are typically referred to the Georgia Transplant Foundation (GTF); specific reasons for referral include assistance with the cost of medications, financial emergencies, lodging, and difficulty in accessing insurance. For this study, GTF provided individual SES and social support data for all CHOA patients referred to GTF over the time period of the study. The United Network for Organ Sharing (UNOS) provided data on donor characteristics, intraoperative characteristics, and posttransplant outcomes (graft failure and mortality).
Study Population
The study population consisted of 208 first LT recipients at CHOA during the study period. All patients were included, regardless of the geographic region (17% of the patients lived outside the state of Georgia, mostly in the Southeastern United States).
Outcome Variables
Outcome data for patient mortality and graft failure were examined through November 2011, and this allowed a minimum follow-up of 3 years. Dates for graft failure and mortality were derived from UNOS data as well as CHOA medical charts. There was 100% agreement between the mortality dates from the 2 data sources. Two graft failure dates reported in the CHOA medical charts were not reported by UNOS, and these were included in the analyses. Rejection episodes were tabulated from CHOA medical charts.
Primary Explanatory Variable
The primary explanatory variable for all analyses was race/ethnicity as reported in CHOA medical hospitalization records. We defined race/ethnicity as a social construct rather than a representation of genetic variability. Race/ethnicity data were obtained from CHOA medical records, but when data were missing, either UNOS or GTF data were used. If discrepancies in race/ethnicity were found between data sources, confirmation was sought from CHOA medical charts. Race/ethnicity was categorized as non-Hispanic white, black, or other race/ ethnicity (Hispanic, Asian, Native Hawaiian or other Pacific Islander, multiracial, and unknown) for the analysis.
Patient-Level Covariates
Clinical and demographic variables were obtained from CHOA medical charts, and they included the age at transplant (which was further characterized as <1, 1-5, 6-10, 11-17, or 18-22 years), sex (male or female), and etiology of ESLD (which was categorized as acute hepatic necrosis, biliary atresia, cholestatic liver disease/cirrhosis, metabolic disease, benign and malignant neoplasms, noncholestatic liver disease/cirrhosis, or other). Transplant characteristics from UNOS data included the Pediatric End-Stage Liver Disease (PELD) era (before or after the introduction of the PELD score in 2002), graft type (deceased donor whole, deceased donor reduced, split, or living donor), donor age (0-18 or >18 years), donor sex, and cold ischemia time (hours).
The insurance status was considered the primary SES exposure of interest in the study. The insurance type was determined from CHOA medical charts and GTF records. Insurance was categorized as public [Medicaid (publicly and privately administered) and State Children's Health Insurance Program], private, or other (Consolidated Omnibus Budget Reconciliation Act, charity care, or other). 24 Those categorized as having private insurance included participants with partial public coverage provided to disabled children (8.9% of the cohort). 24 Noncompliance diagnoses (described as non-adherence in the Results and Discussion sections) were recorded from chart documentation. Noncompliance diagnoses were documented for tacrolimus levels outside the recommended ranges after transplantation. They also signified missed appointments and laboratory visits and other medication nonadherence. Although we were unable to obtain tacrolimus levels for all patients in the cohort throughout the follow-up period, we did obtain these values from the 2009-2011 follow-up for a subset of patients (n=30). A subanalysis showed 85% concordance between a diagnosis of noncompliance and tacrolimus levels outside this range.
Neighborhood-Level Covariates
Several neighborhood-level covariates were considered as key SES measures of interest for this study cohort. Patient addresses from CHOA medical charts were geocoded and linked with US Census data for all patients residing in the United States; census tracts are small geographic areas including approximately 4000 individuals. Thirteen participants (6.2%) had only zip code-level data, and in those cases, the closest geographical census tract was used. Neighborhood characteristics from the 2000 US Census were used to create a composite neighborhood deprivation index (NDI), which was considered the primary neighborhood-level SES measure of interest in this study (Neighborhood Change Database, GeoLytics, Inc., East Brunswick, NJ).
The NDI methodology is detailed elsewhere. 25 It includes 8 variables within several domains related to health outcomes: income, poverty, employment, occupational status, family structure, and housing. Once all census data were pooled for 19 heterogeneous cities in the United States, Messer et al. 25 used a principal components analysis to create the index. The mean was standardized at 0 with standard deviations at +1 and −1. A higher (positive) number represents more neighborhood-level deprivation, whereas a lower (negative) number represents less deprivation. Five of the 8 components of the index were also analyzed independently [household poverty rate (%), households seeking public assistance (%), female-headed households (%), households with male unemployment (%), and households with an annual income < $30,000 (%)] for the entire population and for the subset of individuals referred to GTF.
Data Analysis
All demographic, clinical, and sociodemographic status variables were compared by race/ ethnicity, graft status, and mortality. Differences were assessed by chi-square or analysis of variance tests (Fisher or Wilcoxon signedrank tests were used when data were nonparametric). Kaplan-Meier estimation methods were used to examine the time to graft failure and death, and the log-rank test was used to assess statistical significance.
Separate Cox proportional hazards models were created to examine the effects of black race and minority race/ethnicity on the rates of (1) graft failure and (2) mortality. Graft failure was defined to include first graft loss as well as patient death. Patients with multiple transplants were eliminated from the mortality analysis. The proportional hazards assumption was evaluated for all baseline variables determined to be influential a priori. 26 Collinearity was assessed for all variables in both models. For purposes of modeling, variables were regrouped a priori into high-risk and low-risk groups. New variables were categorized as follows: age at transplant (< 1 versus ≥ 1 year), disease etiology (acute hepatic necrosis versus other etiologies), graft type (cadaveric, whole grafts versus technical variants), donor age (0-18 versus >18 years), and insurance type (public versus private). The NDI was used as a continuous variable.
Bivariate analyses of race/ethnicity and included variables were performed for outcomes of graft failure and mortality. Variables were determined a priori and were sequentially added to the model with race/ethnicity to adjust for clinical and demographic factors, and then SES variables were added to create the fully adjusted model. Interactions were assessed between SES variables (insurance type and NDI) and race/ethnicity with likelihood ratio tests. Likelihood ratio tests were also used to assess model significance and for the addition and removal of individual variables. Hazard ratios (HRs) and 95% confidence intervals (CIs) for the effects of minority race/ethnicity were reported for each model.
Secondary Analyses
For residents of Georgia, we considered the effect of seeking GTF assistance as a potential SES indicator in the main analyses. However, the use of GTF assistance as an indicator variable in multivariate analyses did not meet the proportionality assumption in Cox models.
In addition, for the subset of patients who received assistance from GTF at the time of their initial evaluation, we sought to determine the agreement between these more detailed SES measures and the SES measures used for the entire study population (insurance status and NDI). These additional individual SES factors included net monthly income (used to calculate the net yearly income), highest parental employment (unemployed/disabled/retired, part-time employment, or full-time employment), highest parental education (some high school, high school or general equivalency diploma, some college or technical degree, traditional college, or graduate school), usage of public assistance [Supplemental Security Income (SSI), Temporary Assistance for Needy Families (TANF), or other governmental welfare], and family structure (single or widowed, divorced or separated, or married).
For all analyses, a 2-tailed significance level of P<0.05 was used. All statistical analyses were performed with SAS 9.3 (SAS, Cary, NC), and geocoding was performed with ArcGIS 10 (Environmental Systems Research Institute, Redlands, CA). This study protocol was approved by the institutional review board of Emory University.
Sensitivity Analyses
To examine the hypothesis that early outcomes reflect the primary disease, severity of illness at transplant, graft quality, and perioperative complications rather than SES, a further analysis of graft failure and mortality at different intervals after transplantation (3 months, 1 year, greater than one year). A separate analysis excluded those who died during the first year of follow-up. These crude models were then adjusted for SES indicators of the insurance type and NDI. An analysis of the patients in this study for whom MELD/PELD data were collected during the MELD/PELD era (2002) (2003) (2004) (2005) (2006) (2007) (2008) was also performed in order to examine the contribution of health status to racial/ethnic differences in graft failure and mortality.
Results
Description of the Study Cohort
The patients in our cohort were categorized as white (51.0%), black (34.6%), Hispanic (7.2%), Asian (4.8%), Native Hawaiian or Pacific Islander (1.4%), or multiracial/unknown (1.0%). For the analysis, the participants were categorized as white (50.1%), black (34.9%), or other race/ethnicity (14.4%). The median follow-up time for the patients in this study was 8.3 years.
The median age at transplant for all participants was 3.5 years [interquartile range (IQR) = 1.0-13.0], with the majority of the patients (60.6%) receiving their transplants at ≤5 years of age. Black and other minority participants had higher frequencies of transplantation at an age < 1 year in comparison with white patients ( Table 1) . Biliary atresia was the most common reason for transplantation among all participants, with higher relative frequencies among minority patients.
For those who underwent transplantation during the MELD/PELD era (in 2002 or afterward), the MELD/PELD scores at wait-list entry and at transplant differed significantly across racial/ethnic groups (Table 1) . Medical conditions at transplant were also significantly different, with higher percentages of black and other race/ethnicity participants undergoing transplantation while they were hospitalized or in intensive care (P = 0.01; Table  1 ). White patients received a higher percentage of whole grafts from deceased donors than black and other minority patients (60.4%, 54.2%, and 46.7%, respectively; P<0.001). The donor age differed significantly with race/ethnicity: black patients received more transplants from young donors (0-18 years old) in comparison with white and other minority patients (P=0.03). Sex, donor-recipient sex mismatch, and cold ischemia time did not vary significantly across the 3 racial categories (all P>0.05; Table 1 ).
SES of the Study Population
Data for the health insurance type were missing for 6 patients (2.9%), and 4 of these patients died after transplantation (2 black patients and 2 white patients). Although health insurance coverage was almost evenly split between public/other and private coverage (51.5% versus 48.5%), black and other minority race/ethnicity patients accounted for significantly higher percentages of public insurance utilization in comparison with white participants (64.3%, 75.9%, and 35.9%, respectively; P<0.0001). Neighborhood indicators (income, poverty, public assistance usage, female-headed households, and male unemployment) were all significantly different across racial groups, with the highest percentages of low SES indicators found for black participants (P<0.001; Table 2 ). Based on the aforementioned indicators, overall neighborhood deprivation was highest for black patients (P<0.0001).
Graft Failure and Mortality Outcomes
In all, 53 patients (25.5%) experienced graft failure during the median study follow-up of 8.3 years. When we compared baseline clinical, demographic, and SES indicators across graft statuses after transplantation, we found that only the age at transplant, race/ethnicity, MELD/PELD era, and graft type were significantly associated with the graft status after first transplant ( Table 3 ). The MELD/PELD scores at wait-list entry and transplant were not associated with outcomes (P = 0.5676 and P = 0.7313; Table 3 ). Graft failure was most frequently due to primary nonfunction, chronic rejection, or hepatic artery thrombosis. Thirty-four patients (16.4%) died during the study period. Among all the indicators analyzed for mortality, only the age at transplant and race/ethnicity were significantly associated with mortality, with participants undergoing transplantation at <1 year showing the highest mortality rate ( Table 4 ). The cause of death was most often related to an infection or a malignancy.
Racial and Socioeconomic Differences in Patient Outcomes
The time to graft failure and mortality differed with race/ethnicity. Graft survival was lowest for patients classified as other race/ethnicity: the 10-year graft survival rates were 49.0% (95% CI = 21.5%-76.5%) for other race/ethnicity patients, 60.1% (95% CI = 46.2%-74.1%) for black patients, and 83.8% (95% CI576.4%-91.2%) for white patients (P = 0.0062; Fig.  1 ). Differences in graft survival between white and minority racial groups increased during the follow-up period ( Fig. 1 ). Minority participants also had significantly lower survival rates throughout the study period: the 10-year survival rate was 65.5% (95% CI = 51.6%-79.3%) for black patients, 75.6% (95% CI = 54.2%-96.9%) for other race/ethnicity patients, and 91.9% (95% CI = 86.5%-97.3%) for white patients (P = 0.0020; Fig. 1 ).
In crude Cox models of graft failure and mortality, black race and other minority race/ ethnicity were associated with a significantly increased rate of graft failure across the follow-up period (black versus white: HR = 2.62, 95% CI = 1.34-5.13; other versus white: HR = 3.52, 95% CI = 1.54-8.02). When the models were adjusted for relevant clinical factors, this rate decreased for other minority race/ethnicity patients to 3.1 times the rate for white participants (HR = 3.2, 95% CI = 1.32-7.67) and for black patients to 2.5 times the rate for white patients (HR = 2.5, 95% CI =1.29-4.96). After SES variables were included, the rate of graft failure for other minority race/ethnicity participants decreased further to 3.0 times the rate for white participants (HR = 3.0, 95% CI = 1.23-7.35), and the rate for black participants increased to 2.6 times the rate for white participants (HR = 2.6, 95% CI = 1.29-5.45; Tables 5 and 6 ).
In multivariate analyses, we observed an increased mortality rate when we examined the effect of minority race/ethnicity versus white patients (black versus white: HR=5.05, 95% CI = 2.00-12.73; other versus white: HR = 2.88, 95% CI = 0.81-10.27). After adjustments for relevant clinical factors, the mortality rate decreased for black patients (black versus white: HR = 4.84, 95% CI = 1.91-12.26), whereas the rate increased for other minority race/ ethnicity patients (other versus white: HR = 3.18, 95% CI=0.82-12.38). When we included SES variables, the mortality rate for black participants and other minority race/ethnicity participants decreased (black versus white: HR = 4.24, 95% CI = 1.54-11.69; other versus white: HR = 3.09, 95% CI = 0.78-12.19; Tables 5 and 6 ). Rates of graft failure and mortality were significantly elevated for black patients versus white patients in all models, whereas rates for other minority race/ethnicity patients were significantly elevated only for graft failure. Notably, there was no significant interaction between SES variables (insurance type and NDI) and race/ethnicity.
With designations of mild, moderate, severe, and clinical, the number of rejections for a given individual ranged from 0 to 10 during the follow-up period. The total number of rejections did not significantly differ between racial and ethnic groups, with a median of 1 rejection for the white and other race/ethnicity groups and a median of 2 rejections for the black patients [white: median =1 (IQR = 0-2.0); black: median=2 (IQR = 0-3.0); other: median=1 (IQR=0-3.0); P = 0.1105]. However, a larger proportion of the black participants had 2 or more rejection episodes in comparison with the white and other race/ethnicity groups (P = 0.0405; Table 1 ). Rejection episodes also did not significantly differ for the transplant outcomes of graft failure and mortality (P for graft failure=0.4898 and P for mortality = 0.9069; Tables 3 and 4 ).
Secondary Analyses
GTF provided assistance to 114 patients (54.8%) in the study cohort, with black patients having the highest percentages for all individual indicators of low 7 SES and social support ( Table 7) . Among all patients who were referred for assistance to GTF, 56.9% received public assistance at the time of the initial evaluation, and 26.0% had "partial high school" listed as the highest level of parental education. The prevalence of low SES indicators among our minority patients was even more pronounced when the data were stratified by race. For example, in the population referred to GTF, 85.4% of the black participants and 73.3% of the other minority participants had net yearly incomes<$30,000, whereas 55.1% of the white participants did. When we examined net yearly incomes, we found that 55.1% of white GTF participants had household incomes<$30,000, whereas 19.8% by neighborhood level did for this group; among minority participants, this difference increased to 81.3% versus 27.1%. For all individual-level indicators, low SES variables were present at higher percentages among black patients. When neighborhood indicators were analyzed for the GTF subset (for which individual-level SES measures were available), neighborhood-level indicators underestimated all individual-level SES and social support indicators except for education level (data not shown).
Sensitivity Analyses
Racial/ethnic differences in graft and patient survival increased throughout the follow-up ( Fig. 1 ). When we examined graft survival and mortality at 90 days and 1 year, we found that the rates mostly remained unchanged after adjustments for SES when we compared black and white patients. There was a slight decline in the rates after an adjustment for SES when we examined the outcomes after 1 year of follow-up (crude rate of graft failure: HR = 1.95, 95% CI = 0.83-4.59; rate after adjustment: HR = 1.59, 95% CI = 0.57-4.45; crude mortality rate: HR = 4.01, 95% CI = 1.39-11.56; rate after adjustment: HR = 3.59, 95% CI =1.00-12.82). According to other/white race/ethnicity comparisons, rates of graft failure increased after adjustments for SES factors (crude rate of graft failure: HR = 2.77, 95% CI = 0.93-8.21; rate after adjustment: HR = 4.31, 95% CI = 1.22-15.20). When we examined those who survived for 1 year after transplantation, we found similar rates of graft failure and mortality for black participants after adjustments for SES (crude rate of graft failure: HR = 1.96, 95% CI = 0.80-4.83; rate after adjustment: HR = 1.56, 95% CI = 0.55-4.45; crude mortality rate: HR = 4.52, 95% CI = 1.42-14.43; rate after adjustment: HR = 3.48, 95% CI = 0.97-12.57). In other racial/ethnic groups, the rates of graft failure and mortality increased after adjustments for SES.
Although MELD/PELD scoring was not introduced until 2002 and thus could not be examined for the entire cohort, we compared patients with MELD/PELD scores to participants who underwent transplantation before 2002 when the MELD/PELD system was introduced. We found that adjusting for the MELD/PELD score attenuated the effect of minority race/ethnicity on graft failure and mortality (Table 8 ).
Discussion
This study is the first to directly examine the effects of race/ethnicity on pediatric and young adult LT outcomes while adjusting for both individual-level and census tract-level SES characteristics in addition to baseline demographic and clinical characteristics. The degree of racial/ethnic and socioeconomic inequality found in the Southeastern United States is reflected in the findings of this study. Minorities had almost 4 times the mortality rate of whites and 2 to 3 times the graft failure rate of whites, even after adjustments for relevant clinical and SES factors. These results suggest that our measures of SES do not fully explain the effects of race/ethnicity on outcomes for pediatric and young adult LT recipients. We believe that other unknown or unmeasured factors may contribute to racial/ethnic disparities in outcomes. These factors most likely involve unmeasured differences in SES affecting pretransplant and posttransplant disease states. We found racial differences in nonadherence to medical care across racial groups, with black participants showing the highest proportion of nonadherence in our population. 3 Given the strong correlation between adherence and SES, we suggest that unmeasured SES differences may explain many of the disparities found in our study.
We used race/ethnicity as a social construct in our analysis. We did not intend to describe genetic differences in disease outcomes, although admittedly we were unable to exclude a genetic contribution. Moreover, there are no well-described genetic differences in ESLD between racial groups. Although higher rates of biliary atresia have been reported for black populations, further studies have not consistently confirmed this difference. 27 In general, the influence of race/ethnicity and SES on pediatric LT outcomes is not well understood. Few studies in the pediatric ESLD population have examined the impact of sociodemographic factors on LT outcomes. SES is often difficult to describe in epidemiological studies because of a lack of standardized reporting of many social variables related to health. Social support, family composition, parental education, and family income and wealth can all contribute to measures of SES in children and adolescents. 15, [28] [29] [30] [31] [32] These variables are often unmeasured in large, population-based studies. In any population, social inequality and social gradients are useful in describing the effects of SES. 33 Although prior studies have examined the potential influence of race/ethnicity on transplant outcomes, [4] [5] [6] [7] 11, 37, 38 no other studies of which we are aware have documented an association between race/ethnicity and outcomes among pediatric LT recipients. For example, a study of national pediatric and adult data showed no significant differences in pediatric patient and graft survival (at 1, 3, 5, and 10 years) between racial/ethnic groups when national Scientific Registry of Transplant Recipients data from 1994 to 2006 were examined. 37 However, these studies did not examine regional differences in racial/ethnic disparities. One potential explanation may be that there is an unexplored interaction between race/ethnicity and geographical region. In other solid organ transplantation, research has suggested an effect of race and SES on patient access and outcomes in pediatric populations. 39, 40 The Southeastern United States has been found to have higher levels of racial and socioeconomic inequalities, and health disparities have been described in adult access to transplantation. 41, 42 Thus, it is possible that racial/ethnic differences in transplant outcomes in the pediatric LT recipient population may also vary by region, and they could also be concentrated in the South or Southeastern United States Additionally, there may be other unmeasured factors that could account for some of the observed racial/ethnic differences in outcomes. Differences in graft and patient survival increased between white and minority racial/ethnic groups during the follow-up period, and this could be partially explained by changes in operative characteristics and treatments after transplantation. Multivariate analyses only partially accounted for these. Sensitivity analyses showed that adjustments for clinical severity (MELD/PELD) partially explained differential outcomes by race/ethnicity. However, it is unclear why there are racial/ethnic differences in MELD/PELD scores, and future analyses should seek to examine why a racial/ethnic disparity in the health status of these pediatric patients exists. Phase of care, also explored in sensitivity analyses, revealed the potential importance of further adjustments for SES. Outcomes were universally worse for the minority groups studied, yet the exact mechanism of the differential outcomes between the minority groups remains unclear. Small sample sizes, which were most pronounced for the other race/ethnicity group, likely explain some of the paradoxical findings in the modeling. Thus, residual or unmeasured confounding could partially explain some of the racial/ethnic differences in patient and graft survival that we observed.
The strong effect of race/ethnicity and SES on health outcomes, however, is consistent with the existing literature on pediatric outcomes. 14, 43 Racial discrimination and social inequality in a child's perinatal life and childhood can affect long-term health and cause premature mortality. 44 Moreover, black race is a predictor of poor health outcomes in all life stages, possibly because of an increased effect of social stressors and discrimination creating an allostatic load leading to chronic inflammation. 14, 43 National studies show black race as an independent predictor of acute and chronic graft rejection in pediatric LT, and this is consistent with a hypothesis of increased inflammation. 6, 45 Low SES may potentiate the effects of black and minority race/ethnicity on health outcomes; this can be seen in nonadherence to immunosuppressive medications among pediatric LT recipients and in the greater risk of graft rejection and graft failure. 3, 46 Public insurance, indicating a low SES, is associated with increased posttransplant mortality and wait-list times for children with biliary atresia. 47 Thus, the results of our study are consistent with the existing literature on race/ethnicity and health in pediatric LT populations.
Although the thousands of children who have undergone LT account for only a small fraction of the 74.2 million children living in the United States, the public health impact of their illness is broad. 48, 49 Along with other survivors of childhood illness, these patients represent a new challenge to health care delivery and chronic care management, and they mirror models more frequently discussed for adults. 5, 50, 51 Thus, a reliance on community resources and many other contextual factors likely become more important in maintaining health after transplantation. 52 Sensitivity analyses in our study confirm a stronger effect of SES when it is examined later during follow-up.
Survivors of pediatric LT continue to use high levels of health care resources and experience a great deal of morbidity from their disease because of posttransplant complications. 49 These complications are the most important predictors of graft and patient survival, and their possible relationships with race/ethnicity and SES factors suggest avenues for more research and potential interventions in the posttransplant period. 3, 7, 45 In our study, increasing disparities after transplantation imply the need for improved chronic care models.
Along with the posttransplant complications in our population, pretransplant factors such as waiting-list times and referral for transplantation also warrant further study. Racial/ethnic and SES variables may be important to these processes because they are related to access and health care utilization. 14, 43 A national multicenter study examining regional differences will help us to understand whether these disparities are present in other centers without the degree of racial/ethnic inequality present in the Southeastern United States. Although national cohorts and reported national statistics include reported race/ethnicity, there are no standardized measures of SES beyond insurance categories, and this makes the use of neighborhood-level indicators an important tool for additional research in this population. 49 Several limitations exist in this study, and they are related to the small sample size, the limitations of the data sources, and the length of patient follow-up. Racial/ethnic categories were combined for the analysis, and this limited the conclusions that could be drawn for other races and ethnicities. Furthermore, the study was likely underpowered for detecting significant racial/ethnic differences in outcomes, as suggested by the wide confidence limits. This study was a single-center study in the Southeastern United States; the results may not be generalizable to other pediatric LT recipients outside this region. For example, our population included participants as old as 22 years at transplant: this is the standard for our transplant center but may not be the standard maximum age of transplantation for all pediatric LT centers. Residual or unmeasured confounding may be a possibility in this study. Although we did adjust for relevant pretransplant factors when they were available, we may not have fully captured disease severity before transplantation. For example, we were unable to use PELD scores in our analysis because of the high degree of missingness and exceptions in our population (they were available only for patients with chronic liver failure). We also had limited access to clinical data such as immunosuppressive regimens, medication adherence, and severity of illness before transplantation (eg, intensive care unit care, PELD scores, and pertinent laboratory findings).
Although we used numerous individual and neighborhood SES factors, our assessment of SES for each patient may have been incomplete. Multiple data sources provided different estimates of factors such as the insurance type, which required further comparisons in the transplant record, and the insurance type may have varied over time because of changes in coverage. Also, the insurance status provides incomplete information on the economic status of children because of additional programs and eligibilities for families for improving coverage. 24 Direct individual SES and social support characteristics were limited to patients referred to GTF for financial need, so these more detailed SES measures were not available for the approximately 50% of our patients who did not seek assistance from GTF. However, because CHOA offers information about GTF services to all patients, we assume that those who did not seek GTF assistance had a higher SES than those who did seek assistance.
The use of data from the 2000 US Census for neighborhood characteristics may be another study limitation because many families in the Southeast experienced large economic fluctuations in the decade between 2000 and 2010, and some may have relocated during this period. Relocation alone, however, does not correlate with a significant change in SES. 23 Furthermore, negative economic trends in the Southeastern United States imply that neighborhood covariates from 2000 underestimate SES for our cohort of patients. In our secondary analyses, we found that both insurance status and NDI data used in this study underestimated the SES of GTF patients. For many patients in our study who were referred to GTF, neighborhood census data used in the analysis severely underestimated the true level of deprivation, especially when they were examined by race/ethnicity. Thus, our estimates of the impact of minority race/ethnicity on poor outcomes after transplantation could potentially be underestimations of the racial/ethnic disparities that exist in mortality and graft failure after pediatric LT. Finally, we did not have access to data on tacrolimus levels for all of the patients in our cohort, and thus we may have underestimated nonadherence. However, an analysis of a subset of our cohort suggested 85% concordance between a diagnosis of noncompliance and out-of-range tacrolimus levels.
The major strength of our study is the examination of race/ethnicity with respect to transplant outcomes with the inclusion of social determinants of health. Our population included a higher percentage of black patients and lower percentages of other minority race/ ethnicity patients in comparison with the national population, and this provided enough statistical power to examine racial/ethnic differences in patient outcomes for a relatively large pediatric cohort of LT recipients. 49 We also provide the first use of individual SES (insurance status) in combination with neighborhood deprivation in the pediatric transplant literature. The index used to describe levels of deprivation in our population is based on census tract data, which are more sensitive and robust than data based on zip code-level information. 35 Neighborhood indicators provide a community-level exposure of a participant's access to resources, and this is an important assessment of a patient's overall SES above and beyond individual-level SES data.
The difference in posttransplant outcomes between minority and white pediatric LT recipients implores further research in this area. Our study was unable to fully explain the factors that account for differential outcomes between racial groups. Pediatric populations demand special attention to reduce disparities because they are extremely vulnerable populations. Detailed measures of SES available on a national and reportable scale will significantly improve the analysis of pediatric LT outcomes in the future. National studies examining regional variations will also help us to understand whether disparities exist in regions with relatively less racial/ethnic and SES deprivation. The results of this study may also imply a need to risk-stratify for racial/ethnic and socioeconomic variables when we are examining pediatric LT outcomes. As survival after ESLD and pediatric LT continues to improve, an understanding of complex individual-and neighborhood-level SES factors is crucial for ensuring equality of outcomes across racial/ethnic groups. In the Southeast, more research is needed to determine the reasons for these racial/ethnic differences in outcomes in order to better identify interventions to reduce disparities in pediatric LT. 
